This paper presents a 96-well microfabricated assay to study three-dimensional (3D) invasion of tumor cells. A 3D cluster of tumor cells was first generated within each well by seeding cells onto a micropatterned surface consisting of a central fibronectin-coated area that promotes cellular attachment, surrounded by a poly ethylene glycol (PEG) coated area that is resistant to cellular attachment. Following the formation of the 3D cell clusters, a 3D collagen extracellular matrix was formed in each well by thermal-triggered gelation. Invasion of the tumor cells into the extracellular matrix was subsequently initiated and monitored. Two modes of cellular infiltration were observed: A549 cells invaded into the extracellular matrix following the surfaces previously coated with PEG molecules in a pseudo-2D manner, while H1299 cells invaded into the extracellular matrix in a truly 3D manner including multiple directions. Based on the processing of 2D microscopic images, a key parameter, namely, equivalent invasion distance (the area of invaded cells divided by the circumference of the initial cell cluster) was obtained to quantify migration capabilities of these two cell types. These results validate the feasibility of the proposed platform, which may function as a high-throughput 3D cellular invasion assay.
. In a transwell assay, plastic inserts possessing cell-permeable membranes covered with gels composed of extracellular matrix are placed in the wells of a multi-well tissue culture plate, creating two-chamber systems. By placing cells on one side of the gel and a chemoattractant on the other side of the gel, invasion is determined by quantifying the number of cells that traverse the cell-permeable membrane in response to chemical gradients [10] [11] [12] . In a gel invasion assay, cells are seeded on top of a gel plug surface and vertical cell migration into the collagen matrix is determined by immunohistochemical staining [13] [14] [15] [16] . These two assays are high throughput and readily available. However, they do not truly mimic the process of 3D cellular invasion since monolayers or even individual cells, rather than cell clusters, are used to initiate the cellular invasion processes.
In a cell exclusion invasion assay, silicone stoppers are initially positioned in individual wells creating exclusion zones. Following cell seeding and spreading, the stoppers are removed and the cells as well as the cell-free circular center regions are overlaid with an extracellular matrix layer, initiating the cellular invasion process 17, 18 . In a spheroid invasion assay, cell suspensions are loaded into individual wells with round bottom surfaces to form cell spheroids. Following the addition of extracellular matrix, cellular invasions were initiated and monitored by confocal microscopes [19] [20] [21] [22] . These two assays can effectively mimic the 3D invasion of cells from cell clusters. However, they cannot accurately control the geometries and positions of the formed 3D cell clusters, leading to issues of low repeatability and high difficulties in cellular imaging.
Microfabrication is the process of fabricating miniature structures of micrometer scales based on photolithography and due to its dimension comparisons with biological cells, microfabrication is an enabling technique for cellular studies [23] [24] [25] [26] [27] . More specifically, microfabrication has been widely used to spatially control cellular patterns by regulating the tones of the substrates, producing highly regulated cellular clusters [28] [29] [30] [31] . This paper further explores the capabilities of microfabrication to construct a 96-well three-dimensional (3D) invasion assay. Compared to conventional 3D invasion assays, the approach proposed in this study can accurately control the geometries and positions of formed 3D cell clusters, significantly improving the device repeatability and throughput. In comparison to previously reported microfabricated approaches of forming controlled 3D cell clusters, in this study, 3D extracellular matrix was formed around the 3D cell clusters to enable characterization of cellular invasion. In addition, the microfabricated setup was designed to be compatible with conventional 96-well plates, which is featured with high throughput and easy access.
Materials and Methods
Device Setup and Working Principle. The 96-well 3D microfabricated cellular invasion assay consists of three layers, a glass substrate layer (a thickness of 1 mm), a layer of micro-patterned gold (a thickness of 20 nm) and a layer of PDMS with through holes to form wells (a thickness of 8 mm) (see Fig. 1(a) ). In each well, the substrate is divided into two regions, a glass circular region for cell seeding with diameters (Ф) of 200 μ m, 400 μ m and 800 μ m, respectively, as well as a surrounding gold region at a diameter of 6 mm (see Fig. 1(a) ).
The device's working principle is shown in Fig. 1(b) . Within each micro well, the gold surface is modified with a self-assembled monolayer of PEG-SH that repels cell adhesion (i). Following cell seeding, cells selectively attach and spread on the fibronectin coated surfaces, forming confluent monolayers (ii,iii). Further cellular proliferation leads to the formation of multilayer cell clusters due to confinement by surrounding PEG molecules (iv). The Figure 1 . (a) The schematic and prototype of 96-well 3D microfabricated cellular invasion assays. The proposed device has has three layers, a glass substrate layer, a layer of micro-patterned gold and a layer of PDMS with through holes to form wells. Within each well, the substrate is divided into two regions, a glass circular region for cell seeding with diameters (Ф) of 200 μ m, 400 μ m and 800 μ m, respectively, as well as a surrounding gold region. (b) The device's working principle. Within each micro well, the gold surface is modified with a selfassembled monolayer of PEG-SH that repels cell adhesion (i). Following cell seeding, cells selectively attach and spread on the fibronectin coated surfaces, forming confluent monolayers (ii,iii). Further cellular proliferation leads to the formation of multilayer cell clusters due to confinement by surrounding PEG molecules (iv). The culture medium in each well is subsequently replaced with collagen solution which forms a 3D invasion matrix upon temperature-induced gelation, thus initiating cell migration (v,vi) . Note that in this study, there is a gap between the gold outer boundary and the PDMS inner boundary within each well, which is also used for cell seeding, contributing to the immobilization of 3D temperature-induced matrix. The cellular migrations and invasions in this peripheral areas are not recorded and analyzed. culture medium in each well is subsequently replaced with collagen solution which forms a 3D invasion matrix upon temperature-induced gelation, thus initiating cell migration (v,vi).
Cell Culture. Non-small-cell lung cancer cell lines of A549 and H1299 were cultured at 37 °C in 5% CO 2 in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units/mL penicillin and 100 μ g/mL streptomycin. Immediately prior to an experiment, cells were trypsinized, centrifuged and resuspended in supplemented culture medium for the following experiments. Unless otherwise indicated, all cell-culture reagents were purchased from Life Technologies Corporation (Van Allen Way Carlsbad, CA, USA).
Device Fabrication. Figure 2 (a-d) summarizes the key steps of fabricating the PDMS layer with through holes using soft lithography. More specifically, a plastic mold master featured with 96 circular pillars (a height of 15 mm with a diameter of 6 mm) was fabricated by 3D printing (MakerBot Replicator 2X, MakerBot, USA) for PDMS molding (Fig. 2(a) and (b) ). PDMS prepolymer and curing agent (184 Silicone Elastomer, Dow Corning Corporation, USA) were then mixed, degassed, poured on the plastic mold master and baked in an oven. After full crosslinking, the PDMS layer was peeled from the master with through holes punched (see Fig. 2(c-d) ).
The gold patterns on the glass layer were realized by the lift-off technology, including photoresist exposure ( Fig. 2(e) , development ( Fig. 2(f) ), gold deposition ( Fig. 2(g) ) and photoresist removal (Fig. 2(h) ). Following the treatment of oxygen plasma, the PDMS layer and the glass layer with pattern gold features was bonded together to form a 96-well plate (Fig. 2(i) ).
Pegylation on the gold surface was realized by soaking the fabricated device in a PEG-SH solution ((11-Mercaptoundecyl)tetra(ethylene glycol), Sigma-Aldrich, USA) for 24 hours (Fig. 2(j) and (k) ). Then the device was carefully rinsed in ethanol to remove the residual PEG-SH and to simultaneously sterlize the device for subsequent cell seeding and culture. to the micro wells on day 1 (100 μ L per well). The microwells featured middle circular regions with a diameter of either 200 μ m, 400 μ m or 800 μ m for cellular seeding. After four days of cell culture and proliferation, cell clusters with multiple layers were formed. Laser scanning microscopy (LSM 700, Zeiss, Germany) was used to characterize the heights of the formed 3D cellular clusters. Ice-cold collagen solution was added to each well after a four-day cell culture period to form a 3D extracellular matrix around the cell clusters following heat-induced gelation for one hour at 37 °C. Culture medium was then added to the wells. For A549 cells, collagen type I (Rat Tail, Tianjin Weikai Bioeng Ltd., China) was used to form the 3D extracellular matrix and, based on the specification of the company, 20 μ L of collagen solution at a concentration of 1 mg/ml was added in each well, followed by the addition of 90 μ L culture medium. For H1299 cells, collagen type I (Rat Tail, Corning, USA) was used where 60 μ L of collagen solution at a concentration of 2 mg/ml was added in each well based on the specification of the company, followed by the addition of 80 μ L culture medium.
After 24 hours of cellular invasion, 2D cellular images were first obtained by a conventional inverted microscope (IX71, Olympus, Japan). Then cells were fixed (Paraformaldehyde, Sigma-Aldrich) and stained (Propidium Iodide, Sigma-Aldrich), with 3D cellular invasion profiles recorded by an upright confocal microscopy (LSM 780, Zeiss, Germany). Image Pro Plus (Media Cybernetics, USA) was used to process the 2D images, producing a key parameter "equivalent invasion distance" (the area of invaded cells divided by the circumference of the initial cell cluster) to quantify the cellular invasion capabilities. Statistics. In each group, the measurements of three samples were conducted with results expressed by averages and standard deviations. ANOVA (S-N-K method, coding in Excel) was used for multiple-group comparisons where values of P < 0.05 (*) and P < 0.01 (**) were considered as statistical significance and high statistical significance, respectively.
Results and Discussion
Psudo-2D Invasion of A549 Cells. A monolayer of A549 cells formed within the fibronectin-coated circular region one day after cell seeding. Due to the inert nature of the PEG surfaces around the circular regions, A549 cells preferentially proliferated within the circular regions, leading to the formation of 3D cell clusters. After roughly five days of cell culture, PEG based surfaces could not confine the cells within the predefined areas, and thus cell clusters were characterized by laser scanning microscopy after four-days of cell culture. Figure 3 shows the microscopic and corresponding confocal images of A549 cell clusters after four days of cell culture as a function of initial cellular seeding densities and cluster diameters. Based on image processing, the heights of cell clusters were quantified as 5.5 ± 0.6 μ m (seeding density of 1 × 10 5 cells/ml at the diameter of 200 μ m, Fig. 3(a) ), 7.5 ± 2.1 μ m (seeding density of 2 × 10 5 cells/ml at a diameter of 200 μ m, Fig. 3(b) ), 19.6 ± 2.5 μ m (seeding density of 5 × 10 5 cells/ml at a diameter of 200 μ m, Fig. 3(c) ), 4.5 ± 1.0 μ m (seeding density of 1 × 10 5 cells/ ml at a diameter of 400 μ m, Fig. 3(d) ), 4.9 ± 1.0 μ m (seeding density of 2 × 10 5 cells/ml at a diameter of 400 μ m, Fig. 3(e) ), 9.9 ± 2.1 μ m (seeding density of 5 × 10 5 cells/ml at a diameter of 400 μ m, Fig. 3(f) ), 3.4 ± 0.3 μ m (seeding density of 1 × 10 5 cells/ml at a diameter of 800 μ m, Fig. 3(g) ), 3.8 ± 0.4 μ m (seeding density of 2 × 10 5 cells/ml at a diameter of 800 μ m, Fig. 3(h) ), 6.3 ± 1.7 μ m (seeding density of 5 × 10 5 cells/ml at a diameter of 800 μ m, Fig. 3(i) ).
The quantified heights of cell clusters are summarized in Fig. 3(j) . Compared to the heights of cell monolayers, which are estimated as roughly 1-2 μ m, these height results of A549 cells after four days of cell culture indicated the existence of multiple cell layers or formation of cell clusters. In addition, a trend was observed that a decrease in the diameters of cell clusters and an increase in the cell seeding densities led to an increase in the heights of the cell clusters.
In further studies, collagen solution was added to the A549 cell clusters with the initial seeding densities of 5 × 10 5 cells/ml to initiate cellular invasion (see Fig. 4 ). Figure 4 (a) and (b) show the 3D reconstructions of the A549 cells invading into the collagen based extracellular matrix after 24 hours. These cells were observed to invade into the extracellular matrix following the surfaces previously coated with PEG molecules in a pseudo-2D manner. Figure 4 (c-e) are microscopic pictures of A549 cell clusters just after the formation of 3D collagen extracellular matrix while Fig. 4(f-h) show the invaded A549 cells in extracellular matrix after 24 hours.
As shown in Fig. 4(i) , for A549 cells, the equivalent invasion distances were quantified as 256.2 ± 46.5 μ m (200 μ m diameter of the cell cluster), 211.9 ± 19.2 μ m (400 μ m diameter of the cell cluster), and 130.8 ± 3.3 μ m (800 μ m diameter of the cell cluster) after 24 hours of cellular invasions. These results indicate that for A549 cells, the increase in the initial cell cluster diameter led to a decrease in the invasion capabilities. Fig. 5(f) ).
The quantified heights of cell clusters were summarized in Fig. 5(g) . Again, compared to the heights of monolayers, which are estimated as 1-2 μ m, these height results of H1299 confirm the existence of multiple cell layers or the formation of cell clusters. In addition, it was observed that a decrease in the initial diameters of cell clusters and an increase in the initial seeding densities led to an increase in the height of cell clusters, consistent with A549 cell clusters.
In further studies, collagen solution was added to the H1299 cell clusters with the seeding densities of 2 × 10 5 cells/ml to initiate the cellular invasion experiments (see Fig. 6 ). Figure 6 (a) and (b) show the 3D reconstructions of the invading H1299 cells, which migrated in a 3D manner including multiple directions rather than migrating along the bottom surface of extracellular matrix as observed for A549 cells. Figure 6 (c-e) are microscopic pictures of H1299 cell clusters immediately after the formation of 3D collagen extracellular matrix while Fig. 6 (f-h) record the invaded H1299 cells in the extracellular matrix after 24 hours. As shown in Fig. 6(i) , for H1299 cells, the equivalent invasion distances were quantified as 75.8 ± 8.8 μ m (200 μ m diameter of the cell cluster), 61.5.9 ± 4.8 μ m (400 μ m diameter of the cell cluster), and 60.4 ± 5.0 μ m (800 μ m diameter of the cell cluster) after 24 hours of cellular invasion. These results indicated that an increase in the initial H1299 cell cluster diameter led to a decrease in the invasion capabilities of cell clusters, consistent with observations from the A549 cells.
Conclusions
In this study, a 96-well microfabricated assay was demonstrated to study 3D invasion behaviors of tumor cells. As proof-of-concept demonstrations, the invasion patterns of two different types of tumor cells (A549 and H1299) were observed in which A549 cells invaded into the extracellular matrix following the surface previously coated with PEG molecules in a pseudo-2D manner while H1299 cells invaded into the extracellular matrix in multiple directions as a truly 3D invasion. Future studies may leverage the assay to systematically study and compare invasion capabilities of multiple malignant tumor cells under a variety of conditions including cellular seeding densities, extracellular types and concentrations.
